Abstract: Nowadays, micro-porous layers (MPLs) for polymer electrolyte membrane fuel cells (PEMFCs) are commonly deposited onto gas diffusion layer (GDL) substrates starting from hydrophobic carbon-based dispersions. In this work, different quantities of fluorinated ethylene propylene (FEP), a fluorinated copolymer proven to be superior to polytetrafluoroethylene (PTFE) for a proper water management, were used to make both GDL and MPL hydrophobic. After the identification of the optimal amount of FEP, carboxymethylcellulose (CMC) was also added to gas diffusion media (GDM) to reduce overall ohmic resistance of the whole device and adhesion of MPLs to GDLs. Ex-situ chemical and mechanical accelerated stress tests (ASTs) were carried out to accelerate degradation of materials aiming to assess their durability. The highest quantity of FEP in GDMs led to the best electrochemical and diffusive properties. The presence of CMC allowed reducing overall ohmic resistance due to a better electrolyte hydration. A satisfactory durability was proven since the fundamental properties related to gas diffusion medium, such as wettability, ohmic and mass transport resistances, revealed to be quasi-stable upon ASTs.
Introduction
Fuel cells are regarded promising devices for clean energy generation for both stationary and mobile applications. Among different types of devices, polymer electrolyte membrane fuel cells (PEMFCs) have been extensively investigated [1] [2] [3] [4] [5] [6] due to their limited working temperature, high output power density, large and flexible operating range [7] . A fundamental factor for an optimal running of such devices is a correct balanced water management [1, 8] , which must be properly addressed to have high and constant efficiency during device operation [9] . Indeed, on the one hand, the polymeric electrolyte has to be adequately humidified to guarantee a good proton conduction, while, on the other hand, it must not accumulate too much water [7] to avoid flooding both the channels of the bipolar plates and the porous components [1, [8] [9] [10] . Depending on specific operating conditions and employed materials, liquid water management can be critical both at low and at high current density [11] . In this respect, gas diffusion medium (GDM) is a fundamental component for a PEMFC because it is inserted between the bipolar plate and the catalytic layer [9] aiming to properly manage water which both enters the cell with humidified reactants and is produced by the redox reaction. GDM is formed by a carbon cloth or paper macro-porous substrate (gas diffusion layer, GDL) and a micro-porous layer (MPL) [9] . The latter is a carbon-based hydrophobic film which is directly deposited onto the GDL. In the scientific literature, it is well-established that its use leads to a following the procedure developed in [53] and then they were electrochemically tested and compared to FEP-based samples.
Materials and Methods

Preparation
Carbon clothes GDLs (SCCG5N, supplied by the Italian company SAATI (SAATI, Appiano Gentile, Italy)) were pre-treated to make them suitable for the subsequent MPL coating. Indeed, a hydrophobic surface is also needed for the backing cloth for avoiding liquid loss (i.e., ink liquid components passing through GDL itself) during the coating process. GDLs were soaked in a 12% by weight FEP solution for 20 min and then heat treated at 260 • C for 30 min. All GDLs were subjected to the same treatment since in this work we only aimed to assess influence of FEP content in the MPLs on fuel cell performance.
On the basis of previous works by the authors [53, 54] , MPLs were prepared from inks containing, as carbonaceous phase, both carbon black (Vulcan XC72R from Cabot Italiana S.p.A., Ravenna, Italy) and multi-wall carbon nanotubes (CNTs, NTX1 (Nanothinx S.A., Patras, Greece)) [28] . The latter (10% by weight) were used to make final coatings more conductive [5] than those based on the unique pure carbon black (CB) [5] . Moreover, FEP (fluorinated ethylene propylene) was employed as hydrophobic agent instead of commonly used PTFE, due to already proven higher hydrophobicity of the final product [23] . Therefore, based on the preparation described in [23] , a FEP suspension (55% by weight), supplied by DuPont Italiana S.r.l. (Milan, Italy), and isopropyl alcohol (IPA (Sigma Aldrich S.r.l., Milan, Italy)) were mixed in deionized water; then, CB and CNTs were gradually added. The mixture was stirred and homogenized by a high shear mixer (UltraTurrax T25 (IKA-Werke GmbH, Staufen, Germany)) for ten minutes [5, 23] . Four different mass ratios FEP/(CB + CNTs), from 0.03 to 0.12, were employed. The so-obtained inks were deposited onto FEP pre-treated GDLs by means of a doctor blade device to create MPLs [23] , which were heat trea ted up to 260 • C, as reported in [23] . The preparation procedure for obtaining the final GDM is schematically reported in Figure 1 .
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Materials and Methods
Preparation
Carbon clothes GDLs (SCCG5N, supplied by the Italian company SAATI (SAATI, Appiano Gentile, Italy)) were pre-treated to make them suitable for the subsequent MPL coating. Indeed, a hydrophobic surface is also needed for the backing cloth for avoiding liquid loss (i.e., ink liquid components passing through GDL itself) during the coating process. GDLs were soaked in a 12% by weight FEP solution for 20 min and then heat treated at 260 °C for 30 min. All GDLs were subjected to the same treatment since in this work we only aimed to assess influence of FEP content in the MPLs on fuel cell performance.
On the basis of previous works by the authors [53, 54] , MPLs were prepared from inks containing, as carbonaceous phase, both carbon black (Vulcan XC72R from Cabot Italiana S.p.A., Ravenna, Italy) and multi-wall carbon nanotubes (CNTs, NTX1 (Nanothinx S.A., Patras, Greece)) [28] . The latter (10% by weight) were used to make final coatings more conductive [5] than those based on the unique pure carbon black (CB) [5] . Moreover, FEP (fluorinated ethylene propylene) was employed as hydrophobic agent instead of commonly used PTFE, due to already proven higher hydrophobicity of the final product [23] . Therefore, based on the preparation described in [23] , a FEP suspension (55% by weight), supplied by DuPont Italiana S.r.l. (Milan, Italy), and isopropyl alcohol (IPA (Sigma Aldrich S.r.l., Milan, Italy)) were mixed in deionized water; then, CB and CNTs were gradually added. The mixture was stirred and homogenized by a high shear mixer (UltraTurrax T25 (IKA-Werke GmbH, Staufen, Germany)) for ten minutes [5, 23] . Four different mass ratios FEP/(CB + CNTs), from 0.03 to 0.12, were employed. The so-obtained inks were deposited onto FEP pre-treated GDLs by means of a doctor blade device to create MPLs [23] , which were heat trea ted up to 260 °C, as reported in [23] . The preparation procedure for obtaining the final GDM is schematically reported in Figure 1 . Moreover, carboxymethylcellulose (CMC) (Lamberti S.p.A., Albizzate, Italy), a well-known rheology controller and wettability modulator, which has already been used in this field [53, 55, 56] , was also employed to consolidate surface layers improving adhesion between MPL and GDL and to enhance durability of the best performing FEP-based MPLs. Accordingly, the prepared MPL was additionally surface-treated with a CMC (0.75% by weight) solution, which was sprayed onto the MPL side (i.e., the one facing the electrode within the fuel cell), followed by a drying process at 120 • C for 30 min.
Characterization
Static contact angles measurements were performed, on the MPL side, according to the sessile drop technique using an OCA 20 instrument (Dataphysics, Filderstadt, Germany). Values reported in this work are the result of the average of ten measurements for each sample [5] .
Electrochemical tests were carried out at two temperatures (60 • C and 80 • C) and two relative humidity conditions (80-100% and 80-60%, anode-cathode, respectively). Flow rates were 0.25 and 1.0 NL min −1 for hydrogen and air, respectively [5] . Such values correspond to stoichiometric ratios of 1.2 for hydrogen and 2.0 for air, both calculated at 30 A. A commercial catalyst coated membrane (CCM), supplied by Baltic Fuel Cells, Schwerin, Germany, with an active area of 23.04 cm 2 was employed as membrane electrode assembly (MEA). Platinum loading was 0.3 and 0.6 mg cm −2 at the anode and at the cathode, respectively and the used electrolyte was Nafion 212 [5] .
Polarization and power density curves were obtained, under galvanostatic mode, in the current density range from open circuit voltage (OCV) to 1.32 A cm −2 , with steps of 0.088 A cm −2 . At the same time, electrochemical impedance spectroscopy (EIS) was carried out using a frequency response analyzer (FRA, Solartron 1260) (Solartron Group Ltd., Bognor Regis, UK), in the frequency range from 0.5 Hz to 10.0 kHz [5] . The typical spectrum of an operating fuel cell is composed of one, two or, more rarely, three arcs, whose origin can be ascribed to activation polarization and concentration polarization [5] . The ZView software (Scribner Associates, Southern Pines, NC, USA) was employed to fit experimental data by means of the equivalent circuits shown in Figure 2 , and already described in an authors' previous work [5] , which had been developed by modifying the models described in [57, 58] . At low current density, the equivalent circuit (Figure 2a) consists of a resistance (R s ) in series with two parallel resistance/constant phase element circuits, R p,a /CPE ,a and R p,c /CPE ,c [5, 57] . R s , also named high frequency resistance (HFR), models the overall ohmic resistance, while the parallel circuits model the anodic (R p,a /CPE ,a ) activation polarization losses (i.e., charge transfer resistance at the anode), when visible, and cathodic ones (R p,c /CPE ,c ) which are always visible and more pronounced. At medium and high current density, the parallel circuit R d /CPE d is added in series with cathodic charge transfer resistance (Figure 2b ) [5, 58] to model concentration polarization losses due to diffusive limitations. Constant phase elements (CPE) were used instead of pure capacitances to consider the capacitive losses [5] due to porosity of electrodes [12, 47] . Moreover, carboxymethylcellulose (CMC) (Lamberti S.p.A., Albizzate, Italy), a well-known rheology controller and wettability modulator, which has already been used in this field [53, 55, 56] , was also employed to consolidate surface layers improving adhesion between MPL and GDL and to enhance durability of the best performing FEP-based MPLs. Accordingly, the prepared MPL was additionally surface-treated with a CMC (0.75% by weight) solution, which was sprayed onto the MPL side (i.e., the one facing the electrode within the fuel cell), followed by a drying process at 120 °C for 30 min.
Electrochemical tests were carried out at two temperatures (60 °C and 80 °C) and two relative humidity conditions (80-100% and 80-60%, anode-cathode, respectively). Flow rates were 0.25 and 1.0 NL min −1 for hydrogen and air, respectively [5] . Such values correspond to stoichiometric ratios of 1.2 for hydrogen and 2.0 for air, both calculated at 30 A. A commercial catalyst coated membrane (CCM), supplied by Baltic Fuel Cells, Schwerin, Germany, with an active area of 23.04 cm 2 was employed as membrane electrode assembly (MEA). Platinum loading was 0.3 and 0.6 mg cm −2 at the anode and at the cathode, respectively and the used electrolyte was Nafion 212 [5] .
Polarization and power density curves were obtained, under galvanostatic mode, in the current density range from open circuit voltage (OCV) to 1.32 A cm −2 , with steps of 0.088 A cm −2 . At the same time, electrochemical impedance spectroscopy (EIS) was carried out using a frequency response analyzer (FRA, Solartron 1260) (Solartron Group Ltd., Bognor Regis, UK), in the frequency range from 0.5 Hz to 10.0 kHz [5] . The typical spectrum of an operating fuel cell is composed of one, two or, more rarely, three arcs, whose origin can be ascribed to activation polarization and concentration polarization [5] . The ZView software (Scribner Associates, Southern Pines, NC, USA) was employed to fit experimental data by means of the equivalent circuits shown in Figure 2 , and already described in an authors' previous work [5] , which had been developed by modifying the models described in [57, 58] . At low current density, the equivalent circuit (Figure 2a) consists of a resistance (Rs) in series with two parallel resistance/constant phase element circuits, Rp,a/CPE,a and Rp,c/CPE,c [5, 57] . Rs, also named high frequency resistance (HFR), models the overall ohmic resistance, while the parallel circuits model the anodic (Rp,a/CPE,a) activation polarization losses (i.e., charge transfer resistance at the anode), when visible, and cathodic ones (Rp,c/CPE,c) which are always visible and more pronounced. At medium and high current density, the parallel circuit Rd/CPEd is added in series with cathodic charge transfer resistance (Figure 2b ) [5, 58] to model concentration polarization losses due to diffusive limitations. Constant phase elements (CPE) were used instead of pure capacitances to consider the capacitive losses [5] due to porosity of electrodes [12, 47] . After determining electrochemical behavior of samples, fuel cells assembled with such GDMs were run at constant current density (0.5 A cm −2 ) for 1000 h to test their durability at a point that was regarded typical of energy generation for actual prototypes; the voltage degradation rate (µV h −1 ) and the global cell efficiency over the time were considered as significant parameters for the system evaluation [5] . The simplified expression of the fuel cell efficiency is the following equation [59] : H = nFEη fu /HHV where η fu is the fuel utilization, which is the ratio between theoretically calculated hydrogen flow rate and actual hydrogen flow rate, HHV is the hydrogen higher heating value, n is the number of electrons involved in the redox process, F is the Faraday constant and E is the actual working potential.
Accelerated Stress Tests
Two ex-situ accelerated stress tests (ASTs) were developed to analyze the effect of both mechanical and chemical degradation phenomena of GDMs on fuel cell performance. The chemical AST consisted in soaking GDMs in a 20% by volume sulfuric acid solution [5] at a pH value which was far below the typical environment PEM fuel cell pH (2-3), for a total time of 1000 h. This condition was expected to accelerate the chemical degradation of GDMs [28] .
The mechanical AST was based on a literature study [25] , but a simpler system was set up and already adopted in Reference [5] . A dummy cell was assembled with two GDMs at anodic and cathodic side, separated by a Nafion 212 pure membrane, namely without any catalyst to avoid any possible chemical or electrochemical stress. Only air was supplied to either side [28] with twofold flow rates with respect to those employed during standard running (0.25 and 1.0 NL min −1 for hydrogen and air, respectively) for making mechanical degradation faster [5] . Air was fed for 1000 h continuously, therefore multiple compression/decompression cycles were avoided. The purpose was to test GDMs mechanical resistance and endurance of MPLs, namely the ability of MPLs to avoid detachment from the GDL substrate, and to relate ASTs effect to fuel cell performance.
Properties of the stressed GDMs were evaluated at the end of the ageing treatment. Operating conditions for running cell tests after ASTs were set at 60 • C and relative humidity (RH) (A-C) 80-100%, where the highest efficiencies were achieved for non-damaged samples [28] .
Results and Discussion
Static Contact Angle Measurements
Average values of contact angles, obtained at room temperature on GDMs upon thermal treatment, are shown in Table 1 . Superhydrophobic surfaces (i.e., static contact angles higher than 150 • C) were obtained except for FEP-3 sample, which however lies very close to the boundary of superhydrophobicity. Differences are not dramatic and, since no macroscopic change in surface depending on FEP amount in the MPL was found (see Supplementary Materials, Figure S1 ), they might be attributed to the quantity of polymer which was used in the hydrophobization treatment: a higher amount of FEP led to a better hydrophobicity of MPLs surface, which should positively influence the water removal efficiency of the fuel cell. MPLs containing the maximum amount of FEP, i.e., 12% by weight, allowed obtaining, at each operating condition, the best electrical performance. Particularly, at 60 °C and high relative humidity (Figure 3a) , the highest quantity of FEP allowed to achieve the maximum power density value, close to 0.7 W cm −2 . Fuel cell assembled with such samples achieved the highest output power density and the lowest slope of polarization curves in the high current density regions, meaning that lower concentration polarization losses were obtained [6] . Such a finding may be due to higher hydrophobicity, resulting from static contact angle measurements. A better water-repellent effect should be the reason for a more efficient removal of the excess water, produced by the cathodic reduction reaction. In fact, some differences in performance, even though less sharp, can also be noticed at low and medium current densities, where water management should not have any dramatic effect. Such behavior could be likely ascribed to a slightly higher compression due to a thicker MPL. This might improve charge transfer and reduce contact resistance between MPL and MEA and accordingly overall ohmic resistance. Indeed, this hypothesis can be confirmed by observing the trend of ohmic resistance (i.e., high frequency resistance, HFR, obtained by fitting experimental EIS data), which is reported in Figure 4 . FEP-3 shows the worst behavior since fuel cells assembled with such MPL exhibited the highest ohmic resistance at each operating condition. Such results may help to clarify the behavior of the different samples even at low current density which would not be simple by analyzing the only polarization curves. Moreover, a connection between polarization curves slopes and HFR values can be identified, even though not sharp: lower HFR were obtained for lower slopes for all the tested samples. MPLs containing the maximum amount of FEP, i.e., 12% by weight, allowed obtaining, at each operating condition, the best electrical performance. Particularly, at 60 • C and high relative humidity (Figure 3a) , the highest quantity of FEP allowed to achieve the maximum power density value, close to 0.7 W cm −2 . Fuel cell assembled with such samples achieved the highest output power density and the lowest slope of polarization curves in the high current density regions, meaning that lower concentration polarization losses were obtained [6] . Such a finding may be due to higher hydrophobicity, resulting from static contact angle measurements. A better water-repellent effect should be the reason for a more efficient removal of the excess water, produced by the cathodic reduction reaction. In fact, some differences in performance, even though less sharp, can also be noticed at low and medium current densities, where water management should not have any dramatic effect. Such behavior could be likely ascribed to a slightly higher compression due to a thicker MPL. This might improve charge transfer and reduce contact resistance between MPL and MEA and accordingly overall ohmic resistance. Indeed, this hypothesis can be confirmed by observing the trend of ohmic resistance (i.e., high frequency resistance, HFR, obtained by fitting experimental EIS data), which is reported in Figure 4 . FEP-3 shows the worst behavior since fuel cells assembled with such MPL exhibited the highest ohmic resistance at each operating condition. Such results may help to clarify the behavior of the different samples even at low current density which would not be simple by analyzing the only polarization curves. Moreover, a connection between polarization curves slopes and HFR values can be identified, even though not sharp: lower HFR were obtained for lower slopes for all the tested samples. After polarization tests, fuel cells were run at constant current density (0.5 A cm −2 ) for 1000 h at 60 °C and RH 80-100%, i.e., where the best performance in terms of output power and polarization was achieved [28] (see Figure 3) for the tested samples, especially for FEP-12.
The global efficiencies of the cells with the four different GDMs were calculated after monitoring the voltage [5] and are reported in Figure 5 , which shows that they are rather constant over time. In fact, low degradation rates were obtained: 5, 10, 19 and 34 µV h −1 for GDMs with 12%, 9%, 6% and 3% by weight of FEP, respectively; it is worth noting that degradation rate of the used commercial CCM (from Baltic Fuel Cells) at the same operating condition is 30 µV h −1 , as was reported in Reference [5] . As expected from the polarization curves analysis, the MPL containing 12 wt % of FEP exhibited the highest average efficiency; anyway, the efficiency values related to the other MPLs are also satisfactory, since they are slightly higher or close to 40%. After polarization tests, fuel cells were run at constant current density (0.5 A cm −2 ) for 1000 h at 60 • C and RH 80-100%, i.e., where the best performance in terms of output power and polarization was achieved [28] (see Figure 3) for the tested samples, especially for FEP-12.
The global efficiencies of the cells with the four different GDMs were calculated after monitoring the voltage [5] and are reported in Figure 5 , which shows that they are rather constant over time. In fact, low degradation rates were obtained: 5, 10, 19 and 34 µV h −1 for GDMs with 12%, 9%, 6% and 3% by weight of FEP, respectively; it is worth noting that degradation rate of the used commercial CCM (from Baltic Fuel Cells) at the same operating condition is 30 µV h −1 , as was reported in Reference [5] . As expected from the polarization curves analysis, the MPL containing 12 wt % of FEP exhibited the highest average efficiency; anyway, the efficiency values related to the other MPLs are also satisfactory, since they are slightly higher or close to 40%. After polarization tests, fuel cells were run at constant current density (0.5 A cm −2 ) for 1000 h at 60 °C and RH 80-100%, i.e., where the best performance in terms of output power and polarization was achieved [28] (see Figure 3) for the tested samples, especially for FEP-12.
The global efficiencies of the cells with the four different GDMs were calculated after monitoring the voltage [5] and are reported in Figure 5 , which shows that they are rather constant over time. In fact, low degradation rates were obtained: 5, 10, 19 and 34 µV h −1 for GDMs with 12%, 9%, 6% and 3% by weight of FEP, respectively; it is worth noting that degradation rate of the used commercial CCM (from Baltic Fuel Cells) at the same operating condition is 30 µV h −1 , as was reported in Reference [5] . As expected from the polarization curves analysis, the MPL containing 12 wt % of FEP exhibited the highest average efficiency; anyway, the efficiency values related to the other MPLs are also satisfactory, since they are slightly higher or close to 40%. It is evident that the most durable GDM is FEP-12 sample, since it keeps showing the highest electrical performance after both chemical and mechanical AST. A confirmation of such behavior can be found in Figure 7 , which exhibits ohmic resistance trend as a function of current density upon both chemical and mechanical AST. Mechanical AST dramatically caused increase of ohmic resistance and this is more evident for lower contents of FEP in MPLs. In addition, in Figure 8 , showing global efficiency values at 0.5 A cm −2 for fresh materials (0 h) and for 1000 h stressed ones, both by constant current tests and by ASTs, it is clear that GDM with the maximum content of FEP guaranteed the best durability, since efficiency kept practically constant for all the performed tests. After analyzing Figures 6-8 , it could be inferred that the mechanical AST led to more deteriorated GDMs than the chemical AST (see Figure S2 , Supplementary Materials); indeed, mechanically aged samples exhibited lower electrical performance, especially at high current density. It could be stated that mechanical degradation is more detrimental for mass transport properties of GDMs, as already found in Reference [5] for similar samples. It is evident that the most durable GDM is FEP-12 sample, since it keeps showing the highest electrical performance after both chemical and mechanical AST. A confirmation of such behavior can be found in Figure 7 , which exhibits ohmic resistance trend as a function of current density upon both chemical and mechanical AST. Mechanical AST dramatically caused increase of ohmic resistance and this is more evident for lower contents of FEP in MPLs. In addition, in Figure 8 , showing global efficiency values at 0.5 A cm −2 for fresh materials (0 h) and for 1000 h stressed ones, both by constant current tests and by ASTs, it is clear that GDM with the maximum content of FEP guaranteed the best durability, since efficiency kept practically constant for all the performed tests. After analyzing Figures 6-8 , it could be inferred that the mechanical AST led to more deteriorated GDMs than the chemical AST (see Figure S2 , Supplementary Materials); indeed, mechanically aged samples exhibited lower electrical performance, especially at high current density. It could be stated that mechanical degradation is more detrimental for mass transport properties of GDMs, as already found in Reference [5] for similar samples. Figure 6 shows polarization and power density curves obtained on chemically and mechanically stressed GDMs after the whole test time (1000 h). It is evident that the most durable GDM is FEP-12 sample, since it keeps showing the highest electrical performance after both chemical and mechanical AST. A confirmation of such behavior can be found in Figure 7 , which exhibits ohmic resistance trend as a function of current density upon both chemical and mechanical AST. Mechanical AST dramatically caused increase of ohmic resistance and this is more evident for lower contents of FEP in MPLs. In addition, in Figure 8 , showing global efficiency values at 0.5 A cm −2 for fresh materials (0 h) and for 1000 h stressed ones, both by constant current tests and by ASTs, it is clear that GDM with the maximum content of FEP guaranteed the best durability, since efficiency kept practically constant for all the performed tests. After analyzing Figures 6-8 , it could be inferred that the mechanical AST led to more deteriorated GDMs than the chemical AST (see Figure S2 , Supplementary Materials); indeed, mechanically aged samples exhibited lower electrical performance, especially at high current density. It could be stated that mechanical degradation is more detrimental for mass transport properties of GDMs, as already found in Reference [5] for similar samples. Again, FEP-12 revealed to be the most durable sample compared to the other ones. This better behavior can be attributed to the higher polymer content which could carry a better adhesion out, after the sintering process, between MPL and GDL substrate [60] .
Accelerated Stress Tests (ASTs)
Then, as described in the Materials and Methods section, a CMC layer was applied on the MPL aiming to improve durability and adhesion of such layer to its substrate. Figure 9 shows polarization and power density curves, at each operating condition, of FEP-12 and of CMC-treated GDM with the same FEP content (hereafter named CMC-FEP-12). Again, FEP-12 revealed to be the most durable sample compared to the other ones. This better behavior can be attributed to the higher polymer content which could carry a better adhesion out, after the sintering process, between MPL and GDL substrate [60] .
Then, as described in the Materials and Methods section, a CMC layer was applied on the MPL aiming to improve durability and adhesion of such layer to its substrate. Figure 9 shows polarization and power density curves, at each operating condition, of FEP-12 and of CMC-treated GDM with the same FEP content (hereafter named CMC-FEP-12). In this figure, it is evident that the presence of CMC on the MPL surface (which has been inferred by observing CMC thermogravimetric analysis, reported in Figure S3 , Supplementary Materials) is effective in improving slightly electrical performance at low cathodic RH, both at 60 • C and 80 • C. This was also an important finding of authors' previous works [53, 55] which used CMC as a rheological controller of PTFE-based inks for MPLs deposition. Such behavior at low RH may be ascribed to the hydrophilic nature of CMC which acts as a water reservoir leading to a better hydration of the polymeric membrane; accordingly, a higher proton conductivity and a lower ohmic resistance are obtained. In fact, an example of impedance spectra, obtained at 60 • C and low (i.e., 60%) cathodic RH, is reported in Figure 10 . The high frequency resistance, namely the ohmic resistance of the whole device, for CMC-containing GDMs is always lower than that one of FEP-12 GDMs and it also keeps rather constant upon increasing current density. While activation polarization resistance seems to be constant-indeed it depends mostly on catalytic activity, which, in our case, is commercially fixed-the mass transfer resistance, i.e., the contribution at low frequency range, dramatically increases upon increasing current density. This is an ascertained finding which is due to a higher production of water; particularly, samples with CMC show, only at high current density, a slightly larger resistance, due to its hydrophilic feature which retains water and could influence its efficient removal. In this figure, it is evident that the presence of CMC on the MPL surface (which has been inferred by observing CMC thermogravimetric analysis, reported in Figure S3 , Supplementary Materials) is effective in improving slightly electrical performance at low cathodic RH, both at 60 °C and 80 °C. This was also an important finding of authors' previous works [53, 55] which used CMC as a rheological controller of PTFE-based inks for MPLs deposition. Such behavior at low RH may be ascribed to the hydrophilic nature of CMC which acts as a water reservoir leading to a better hydration of the polymeric membrane; accordingly, a higher proton conductivity and a lower ohmic resistance are obtained. In fact, an example of impedance spectra, obtained at 60 °C and low (i.e., 60%) cathodic RH, is reported in Figure 10 . The high frequency resistance, namely the ohmic resistance of the whole device, for CMC-containing GDMs is always lower than that one of FEP-12 GDMs and it also keeps rather constant upon increasing current density. While activation polarization resistance seems to be constant-indeed it depends mostly on catalytic activity, which, in our case, is commercially fixed-the mass transfer resistance, i.e., the contribution at low frequency range, dramatically increases upon increasing current density. This is an ascertained finding which is due to a higher production of water; particularly, samples with CMC show, only at high current density, a slightly larger resistance, due to its hydrophilic feature which retains water and could influence its efficient removal. Then, for the sake of comparison, chemical and mechanical ASTs were also carried out on CMCcontaining samples and performances were assessed upon such tests at 60 °C and RH (A-C) 80-100%, which was the condition employed for stressed FEP-12 GDMs. The surface layer of CMC seems to positively affect the mechanical resistance over the time: since the starting situation is the one of Figure 6a , it can be noticed that CMC-containing sample reacts to external stresses much better than FEP-12, since it shows better performance both after chemical and after mechanical AST. The values of reduction of the maximum output power density (referred to as ∆P) are listed in Table 2 . Then, for the sake of comparison, chemical and mechanical ASTs were also carried out on CMC-containing samples and performances were assessed upon such tests at 60 • C and RH (A-C) 80-100%, which was the condition employed for stressed FEP-12 GDMs. Then, for the sake of comparison, chemical and mechanical ASTs were also carried out on CMCcontaining samples and performances were assessed upon such tests at 60 °C and RH (A-C) 80-100%, which was the condition employed for stressed FEP-12 GDMs. The surface layer of CMC seems to positively affect the mechanical resistance over the time: since the starting situation is the one of Figure 6a , it can be noticed that CMC-containing sample reacts to external stresses much better than FEP-12, since it shows better performance both after chemical and after mechanical AST. The values of reduction of the maximum output power density (referred to as ∆P) are listed in Table 2 . The surface layer of CMC seems to positively affect the mechanical resistance over the time: since the starting situation is the one of Figure 6a , it can be noticed that CMC-containing sample reacts to external stresses much better than FEP-12, since it shows better performance both after chemical and after mechanical AST. The values of reduction of the maximum output power density (referred to as ∆P) are listed in Table 2 . For each GDM, mechanical AST is more detrimental than chemical one; indeed, it led to the highest losses in power. However, it is evident that the presence of CMC on the surface of MPLs dramatically reduces the degradation of samples: performances after ASTs were very close to those ones obtained for not-damaged GDMs containing CMC.
The effects of the stress tests can be even clearer by observing Figure 13 which reports the ohmic and the mass transfer resistances, i.e., the parameters which are mostly influenced by the GDMs features [5] , after the total time of stress experiments. For each GDM, mechanical AST is more detrimental than chemical one; indeed, it led to the highest losses in power. However, it is evident that the presence of CMC on the surface of MPLs dramatically reduces the degradation of samples: performances after ASTs were very close to those ones obtained for not-damaged GDMs containing CMC.
The effects of the stress tests can be even clearer by observing Figure 13 which reports the ohmic and the mass transfer resistances, i.e., the parameters which are mostly influenced by the GDMs features [5] , after the total time of stress experiments. Again, mechanically aged samples, showing higher values of ohmic resistance, are the worst performing GDMs. This graph confirms the benefits which CMC could introduce: GDMs coated with a CMC layer show a lower ohmic resistance after ASTs than FEP-12 samples. This behavior is sharper for mechanically damaged GDMs, as it could have been hypothesized clearly from Figure 12 ; therefore, the CMC layer probably behaves like a binder which succeeds in reducing damages of GDMs surfaces keeping a good electrical contact between GDL and MEA, thus reducing ohmic resistances increase upon ASTs.
These findings and reasoning occur again when analyzing mass transfer resistance trend of the Figure 13b . The general trend for such parameter was followed: mass transfer resistances started appearing, with very low values, at medium-low current densities (in our cases at 0.38 A cm −2 ) and then they increased upon increasing current density due to a higher water production.
Diffusion resistance values also proved that the mechanical degradation affects more negatively the device performance than the chemical one. Again, because of the binder effect of the CMCcontaining GDMs, such novel components were effective in improving water management at high current densities since lower resistances than samples FEP-12 were found.
This electrochemical behavior could be attributed to a deterioration of physical-chemical features of the GDMs, as it was demonstrated in Reference [5] for FEP-containing GDMs.
Static contact angle measurements ( Figure 14) were also performed aiming to assess the effects of ASTs on samples resulting hydrophobicity. Again, mechanically aged samples, showing higher values of ohmic resistance, are the worst performing GDMs. This graph confirms the benefits which CMC could introduce: GDMs coated with a CMC layer show a lower ohmic resistance after ASTs than FEP-12 samples. This behavior is sharper for mechanically damaged GDMs, as it could have been hypothesized clearly from Figure 12 ; therefore, the CMC layer probably behaves like a binder which succeeds in reducing damages of GDMs surfaces keeping a good electrical contact between GDL and MEA, thus reducing ohmic resistances increase upon ASTs.
Diffusion resistance values also proved that the mechanical degradation affects more negatively the device performance than the chemical one. Again, because of the binder effect of the CMC-containing GDMs, such novel components were effective in improving water management at high current densities since lower resistances than samples FEP-12 were found.
Static contact angle measurements ( Figure 14) were also performed aiming to assess the effects of ASTs on samples resulting hydrophobicity. Despite of CMC hydrophilic feature, new GDMs showed a hydrophobicity which was close to that one of FEP-12 samples. Such measurements highlighted a progressive, but not sharp reduction of the hydrophobicity for stressed GDMs. This behavior confirms what was found in authors' previous work [5] and it is useful to affirm that hydrophobicity is not the main characteristic to be tailored for having a proper water management; an effective adhesion between MPLs and GDLs must be pursued and the surface CMC in these novel GDMs seems to accomplish such target.
Conclusions
In this work, different amounts of FEP were used both for GDL and for MPL hydrophobic treatment aiming to optimize GDM composition for having efficient and durable materials.
Ex-situ chemical and mechanical accelerated stress tests (ASTs) were designed and performed to make degradation faster and to evaluate durability of such samples. The highest amount of FEP used in this work (12% by weight) led to achieve the best behavior in terms of hydrophobicity, polarization curve, cell efficiency and mass transport properties. In addition, lower ohmic resistances were obtained for such sample by EIS experiments, both for fresh and for degraded materials.
Then, a CMC layer was applied by spraying coating technique on the surface of the best performing FEP-based MPL to improve adhesion between the MPL and the macro-porous GDL substrate. The presence of CMC reduced overall fuel cell ohmic resistance at low relative humidity due to a better electrolyte hydration.
Chemical and mechanical ASTs showed a better durability for novel CMC-treated samples compared to GDMs containing only FEP, likely due to a binder effect which was introduced by CMC surface molecules. Indeed, such new components were able to dramatically reduce the change, upon ASTs, both in power density and in electrochemical parameters such as ohmic resistance and mass transfer resistance.
Hydrophobicity is reduced upon chemical and mechanical ASTs but still present, therefore it is thought that such feature is not the most important parameter to be optimized for having a satisfying durability but adhesion between MPLs and GDLs and mechanical resistance must be properly addressed and enhanced.
Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/10/12/2063/s1.
